Background: Multiple sclerosis (MS) is a severe and common autoimmune disorder of the central nervous system. Despite the availability of several novel treatment options, the disease is still poorly controlled, since the pathophysiological mechanisms are not fully understood. Methods: We tested the role of the acid sphingomyelinase/ceramide system in a model of MS, i.e. experimental autoimmune encephalomyelitis (EAE). Mice were immunized with myelin-oligodendrocyte glycoprotein and the development of the disease was analyzed by histology, immunological tests and clinical assessment in wildtype and acid sphingomyelinase (Asm)-deficient mice. Results: Genetic deficiency of acid sphingomyelinase (Asm) protected against clinical symptoms in EAE and markedly attenuated the characteristic detrimental neuroinflammatory response. T lymphocyte adhesion, integrity of tight junctions, bloodbrain barrier disruption and subsequent intracerebral infiltration of inflammatory cells were blocked in Asm-deficient mice after immunization. This resulted in an almost complete block of the development of disease symptoms in these mice, while wildtype mice showed severe neurological symptoms typical for EAE. Conclusion: Activation of the Asm/ceramide system is a central step for the development of EAE. Our findings may serve to identify novel therapeutic strategies for MS patients.
Introduction
Multiple sclerosis (MS) is one of the most important autoimmune disorders and is the leading cause of neurological disability among young adults in the Western world [1, 2] . The main lymph node regions. On days 0 and 2 after injection, 300 ng pertussis toxin (Axxora, Lörrach, Germany) was injected intraperitoneally (ip). Clinical disease was scored daily as follows: 0.5, limp tail; 1, hind leg weakness; 2, hind leg paresis; 3, hind leg paraparesis and incontinence; 4, tetraparesis.
Histopathologic assessment
Mice were perfused with 4% paraformaldehyde (PFA) administered through the left ventricle of the heart. The brain and spinal cord were removed and were snap-frozen in Tissue Tek (Sakura Finetek; Hartenstein, Würzburg, Germany) in melting isopentane with liquid nitrogen. The frozen tissue was cut serially into 6-µm sections with a cryostat microtome (Leica Microsystems, Wetzlar, Germany), air-dried overnight, and fixed with acetone at -20°C. Frozen serial sections were subjected to immunohistochemical analysis with a three-step immunoperoxidase technique in a humidified chamber. The following monoclonal antibodies were used: anti-CD4, anti-CD8, anti-CD45, anti-B220, anti-CD11b (all from BD Bioscience). The isotype controls IgG2aκ and IgG2bκ were obtained from IQ Products (Houston, TX). Sections were incubated, in 30-minute steps with phosphate-buffered saline (PBS) washes between each step, with the primary antibody of interest followed by a biotinylated secondary goat anti-rat IgG (Vectastain; Linearis, Wertheim-Bettingen, Germany) and finally by a horseradish peroxidaseconjugated streptavidin (Vectastain; Linearis). Sections were developed with 0.07% aminoethylcarbazole (AEC; Sigma-Aldrich) and 0.009% hydrogen peroxide in 0.01 mol/L acetate buffer (pH 5.2) for 10 minutes and then counterstained with hematoxylin-eosin and cover-slipped with Aquatex (Merck, Darmstadt, Germany).
For detection of tight junctions, mice were perfused with 4% PFA, and sections of the spinal cord were obtained as described above and embedded in paraffin. Paraffin-embedded sections were dewaxed; washed in H 2 O; blocked in HEPES/saline (H/S; 132 mM NaCl, 20 mM HEPES [pH 7.4], 5 mM KCl, 1 mM CaCl 2 , 0.7 mM MgCl 2 , 0.8 mM MgSO 4 ) supplemented with 5% fetal calf serum (FCS); washed in PBS; incubated with Pepsin (Invitrogen, Karlsruhe, Germany) for 10 min; washed in PBS; and incubated with anti-claudin-5 antibody (Invitrogen), anti-ZO-1 antibody (Invitrogen) or isotype control antibodies (Invitrogen) for 45 min in H/S + 5% FCS. Samples were washed 3 times in PBS supplemented with 0.5% Tween 20 and once in PBS and then incubated for 45 min with Cy3-conjugated F(ab) 2 fragments of donkey-anti-mouse IgG (Jackson Laboratories, Dianova, Hamburg, Germany) or Cy3-conjugated F(ab) 2 fragments of donkey-anti-rabbit IgG (Jackson Laboratories), both 1:1000 in H/S + 5% FCS. Samples were washed an additional 3 times in PBS/0.05% Tween 20 and once in PBS, embedded in Mowiol, and analyzed by confocal microscopy.
Evans blue dye (12.5 mg/kg; Fluka, Sigma-Aldrich) was administered iv to healthy mice and to EAEimmunized Asm-deficient and wt littermate mice at the peak of disease; the dye was allowed to circulate for 4 hours before the mice were sacrificed. The mice were then perfused with PBS administered through the left ventricle. The brain was fixed overnight in 4% PFA and then snap-frozen in Tissue Tek, after which 30-µm sections were cut with a cryostat microtome, air-dried, and fixed with acetone for 2 minutes. The sections were allowed to air-dry, dipped in xylol, and cover-slipped with entellan (Merck). Frozen brain sections from wildtype and Asm-deficient mice were fixed in acetone for 10 min at room temperature, washed 3 times in PBS, blocked in PBS supplemented with 5% FCS, washed twice in PBS and stained overnight with FITC-Isolectin After co-incubation, non-adherent T cells were washed off with PBS, and the slides were fixed in 2.5% glutaraldehyde for 2 hours. After the fixation period, assays were counted with a light microscope. The following T cell treatments were tested: 30-min preincubation at 37°C, 5% CO 2 with 20 µg/mL anti-α 4 -integrin antibody (CD49d; Millipore, Merck), with 20 µg/mL anti-β 1 -integrin antibody (CD29; BioLegend, Biozol, Eching, Germany), with 20 µg/mL of the respective isotype control, rat IgG2 bkappa or armenian hamster IgG (BioLegend), or with 1 U/mL Asm (Sigma-Aldrich); or 5-min preincubation with 1 mM Mn 2+ (Sigma-Aldrich). All experiments were performed in duplicate in the presence of 10 µM ZnCl 2 (VWR International).
Flow cytometry analysis
For analysis of lymphocyte phenotypes and inflammatory cytokine production, the following conjugated monoclonal antibodies were used: anti-CD4 FITC, anti-CD8a PerCP, anti-β 1 -integrin PE, anti-β 7 -integrin PE, anti-INFγ PE, anti-interleukin (IL)-2 PE, anti-IL-4 PE (all from BD Pharmingen), and anti-IL-17 APC (eBioscience, Frankfurt, Germany). For intracellular cytokine staining, 2×10 5 cells were stimulated for 4 h with 500 ng/mL ionomycin (Sigma-Aldrich), 50 ng/mL phorbol 12-myristate 13-acetate (Sigma-Aldrich), and 10 µg/mL brefeldin A (eBioscience). After being washed, cell membranes were permeabilized with 0.1% saponin (Sigma-Aldrich). Cells were incubated with the respective antibody for 40 min in the dark at 4°C. Samples were analyzed by flow cytometry (FACS Canto II BD) with FACS Diva Software (Becton Dickinson, Heidelberg, Germany).
Matrix metalloproteinase detection
Lymphocytes were obtained from 3 EAE-immunized Asm-deficient mice and 3 wt littermates on day 14 after immunization as described above. Two days before the assay, 1×10 5 bEnd.3 cells were plated in 24-well plates, which were coated with 50 µg/mL fibronectin for 40 min. At the time of the assay, 5×10 5 T cells per well were coincubated with the bEnd.3 monolayer. Supernatants were collected after 12 and 24 hours for detection of matrix metalloproteinases (MMPs) by enzyme-linked immunosorbent assay (ELISA). MMP7 (Blue Gene, Shanghai, China), and MMP9 (R&D) concentrations were detected according to the manufacturer's instructions.
Proliferation assays
On day 14 after immunization, lymphocytes were isolated from lymph nodes and cultured in a 96-well plate (2×10 5 cells per well) in restimulation medium (RPMI medium 1640/10% FCS/2% GlutaMAX/1% sodium pyruvate/1% MEM/1% penicillin-streptomycin/ 5×10 -5 M β-mercaptoethanol) supplemented with either 2.5 µg/mL Concanavalin A (Sigma-Aldrich) or MOG antigen (Charité Medical University). The cells were cultured for 48 h at 37ºC. After incubation, cells were pulsed with 3 H-thymidine (1 µCi per well) and incubated for an additional 16 h at 37°C. Cells were then transferred onto a filter membrane for measurement of tritiated thymidine by a liquid scintillation counter. Means and SDs were calculated from duplicate or triplicate wells.
Statistical analysis
All data are displayed as mean ± SD. Statistical analysis was performed with Student t test or ANOVA, as appropriate. For analysis of disease frequency the chi-square test was applied. Statistical significance was defined as p <0.05.
Results

Asm deficiency protects against EAE
To determine whether Asm plays a role in the development of EAE, we immunized Asmdeficient and C57BL/6 littermate (wt) mice with myelin oligodendrocyte glycoprotein (MOG) . The wt animals exhibited clinical symptoms from day 15 ± 2, starting with limp tail and hind-leg paresis (Fig. 1A) , which deteriorated to a clinical score of 3 to 4 (mean severity, 2.3 ± 1.5) by day 18 to 20 after immunization. In marked contrast, all Asm-deficient animals exhibited no or very mild clinical symptoms, with a maximum limp tail score of 0.5, even after prolonged observation (up to day 35 after immunization) (Fig. 1A) . The clinical resistance of Asm-deficient mice to EAE was associated with the absence of inflammatory infiltrations in brain and spinal cord, as determined by immunostaining, whereas wt mice exhibited prominent cerebral and spinal infiltration with CD4 + lymphocytes, B cells, and macrophages in the CNS after the induction of EAE (Fig. 1B) . In contrast to the lack of immigration of leukocyte into the CNS of Asm-deficient mice, these mice showed a strong microglial activation indicated by the positive staining for CD45 and CD11b as sign for the immune activation. Taken together, these genetic findings demonstrate that Asm plays a key role in the development of the clinical and histopathological features of EAE. Deficiency of Asm prevents the development of EAE.
Asm deficiency preserves the integrity of the blood-brain barrier
To learn, which molecular mechanisms prevent EAE in Asm-deficient mice, we aimed to determine whether the typical EAE-induced breakdown of the BBB is altered in these mice. To this end, we injected Evans blue dye into EAE-immunized Asm-deficient and wt mice. Histological analysis of the brain demonstrated massive intraparenchymal leakage of Evans blue dye in wt mice but not in Asm-deficient mice ( Fig. 2A) . Moreover, tight junctions remained intact in EAEimmunized Asm-deficient mice but were disrupted in wt mice, as indicated by the degradation of claudin-5 and ZO-1 (Fig. 2B) .
Asm does not affect lymphocyte proliferation and antigen-mediated activation
Antigen-specific proliferation and T-cell activation are crucial steps in the development of EAE. To determine whether Asm controls these processes, we used a 3 H-thymidine assay to examine the proliferation capability of Asm-deficient lymphocytes derived from EAE-immunized mice. We observed no difference in MOG-induced proliferation between Asm-deficient and wt cells (Fig. 3A) . Furthermore, we detected neither a difference in the expression levels of the adhesion molecules β 1 -and β 7 -integrin on lymphocytes nor a difference in the production of inflammatory cytokines (IL-2, IL-4, IL-17, IFNγ) by CD4 + or CD8 + T cells from lymph nodes of Asm-deficient or wt mice after cell stimulation (Fig. 3B, C) . Finally, we also found no difference in the release of matrix metalloproteinases, required for cell migration over the glia limitans [25, 26] , in the supernatant of EAE-derived wt or Asm-deficient lymphocytes incubated on a bEnd.3 monolayer (not shown).
Asm-deficiency reduces expression of adhesion molecules in endothelial cells of the CNS and integrin-mediated adhesion of lymphocytes to endothelial cells
Next, we analyzed the expression of adhesion molecules on endothelial cells, i.e. intercellular adhesion molecule-1 (ICAM-1) and vascular cell adhesion molecule-1 (VCAM-1) in brain sections of immunized wt and Asm-deficient mice. These results indicate that deficiency of Asm reduced the expression of adhesion molecules on endothelial cells after immunization strengthening the notion that deficiency of Asm impairs activation and permeabilization of the BBB (Fig. 4A, B) .
Endothelial adhesion of lymphocytes and associated transendothelial migration through the BBB is a complex pathophysiological step in the development of EAE or MS [6] . To determine whether Asm-deficiency also affects leukocyte-endothelial cell interactions, we performed in vitro adhesion assays using the bEnd.3 endothelial cell line to model the BBB. Adhesion of lymphocytes from Asm-deficient EAE-immunized mice to bEnd.3 cells was 68% lower than that of wt EAElymphocytes (Fig. 4C) . In turn, restoration of Asm in Asm-deficient lymphocytes re-established adhesion capability to that of wt levels (Fig. 4C) bypasses Asm-deficiency and completely restores the adhesion of Asm-deficient lymphocytes to endothelial cells (Fig. 4C) . Moreover, treating Asm-deficient lymphocytes with either anti-α 4 -integrin antibody or anti-β 1 -integrin antibody did not further reduce the adhesion of Asm-deficient lymphocytes, whereas both antibodies reduced the adhesion of wt lymphocytes by 64-68%, to the level of Asm-deficient lymphocytes (Fig. 4C) .
Discussion
The results of this study demonstrate that genetic deficiency of the Asm/ceramide system strongly protects against EAE as experimental model of MS. Genetic Asm-deficiency prevents the disease symptoms. Thereby, the detrimental pathophysiological events initiated by immunization and characterized by adhesion of lymphocytes to endothelial cells, disruption of BBB and tight junctions, migration of T lymphocytes through the BBB and finally intracerebral inflammatory cell recruitment, causing EAE symptoms is blocked. The Asm/ceramide system controls inflammatory infiltration of the brain, and its inhibition prevents MS. This finding is of clinical importance, because inhibition of the Asm/ceramide system can provide complete protection from experimental MS.
Endothelial adhesion of leukocytes and subsequent transmigration through the BBB into the CNS are hallmarks in MS pathophysiology. Ceramide has been previously shown to mediate cell adhesion to endothelial cells [28] . These studies indicated that ceramide-enriched membrane platforms cluster adhesion molecules such as β 1 -integrin [28] or ICAM-1 [29] . Receptor clustering results in a very high local density of cognate receptor molecules, thereby permitting and greatly amplifying signal transduction by this particular receptor. Such a fundamental molecular function of ceramide might explain its pleiotropic role in several physiological and pathological conditions. Although a lack of leukocyte adhesion might be a potential mechanism to prevent EAE, it remains to be determined whether such a lack of lymphocyte adhesion is the true mechanism how deficiency of the Asm prevents development of EAE.
Our studies indicate a central role of the Asm/ceramide system in pathophysiology of EAE. However, at present it remains to be determined whether the observed changes in wildtype mice such as leukocyte adhesion, disruption of the BBB, leukocyte immigration into the CNS and neuroinflammation mediate the resistance of Asm-deficient mice or whether they are readouts for a molecular defect in Asm-deficient mice that acts upstream/earlier in the pathophysiological cascade of EAE. As a limitation of this study, we did not adjust for female mice cycle phase, although an influence on motor symptoms has been described [30] . However the study results were reproduced in two different laboratories, so that we consider our results as robust.
In summary, the results of this study demonstrate a central role of Asm and ceramide in MS pathophysiology. Genetic deficiency of Asm blocks several events that are critical for EAE development, thereby preventing the clinical symptoms of this neuroinflammatory disease. Thus, inhibitors of the Asm might be used for treatment of MS, a concept that needs to be tested in future studies.
